Incisions in the fore-, rnid-, or hindgut of the cockroach Periplaneta heal in a large percentage of operations. The processes of healing are described. They involve firstly the fonnation of wound tissue from haemocytes, and later the participation of the epithelium. Operations performed on nymphs do not appear to hinder moulting, but the wounds are usually still conspicuous in the resulting adults, except in operations on the midgut, in which healing may be complete. Comparisons are made between the processes of wound healing, neoplasms, and the normal changes of the epithelium at moulting.
INTRODUCTION
The opinion is current among entomologists that operations involving punctures of the alimentary tract of insects are usually fatal. Thus, Beard (1945, p. 516) reports that larvae of the Japanese beetle "cannot tolerate any injury to the gut which permits the escape of gut bacteria into the blood." Of the same insect he writes (1949, p. 86 ) "fatal infection invariably occurs if the gut is punctured." However, Storey (1933) carried out experiments with the jassid Cicadulina mbila designed to puncture the midgut with a sterile needle, and a fair percentage of the treated insects did not succumb to the effects of the operation. There seemed to be two possible explanations for Storey's report: (a) that the gut of the jassids is relatively sterile (cf. Duncan 1926) and the operated insects did not therefore suffer from septicaemia, or (b) that the operation is not, in fact, a fatal one in some insects, if performed with care.
It was decided to test the second of these suggestions, using an insect large enough for operative techniques to be carefully carried out, and one in which the gut was well populated with microorganisms. The cockroach Periplaneta americana (L.) meets these requirements and has been used exclusively in this work.
It was found that this cockroach survives quite extensive injuries to the crop, caeca, midgut, and hindgut, and that the wounds heal in,a large percentage of cases. No record could be found in the literature of the healing of wounds of the alimentary tract of insects, and so it has seemed worth while to report the following details on the mechanism of regeneration, even though the analysis is based only on histological and histochemical observations.
II. METHODS
Thriving colonies of the cockroach were maintained in the laboratory at approximately 27°C. The insects were lightly infected with nematodes and ciliates but these did not affect the present observations. Adults were anaesthetized with carbon dioxide and immediately operated upon with sharpened No. 12 hard steel needles. Recovery from the anaesthetic occurred within 5 minutes and the insects were subsequently kept in 2-pint glass jars and supplied with food and water. After various periods from a few hours to more than 8 months the operated tissues were examined, either as tissue spreads following staining in acetic orcein or methylene blue, or most frequently after fixation in alcoholic Bouin's fluid. Zenker's fixative was used with methyl greenpyronin stained preparations. Paraffin sections cut at 10 f1-were generally stained in Mallory's triple connective stain or by Bodian's protargol method. Tracheal injections were prepared by the method of Hagmann (1940) . Attempts to watch the healing process by removing part of the cuticle and replacing it by a small piece of plastic cover slip were useful, but did not add to the . conclusions drawn from other methods.
III. OBSERVATIONS

(a) General
The survival rate until fixation for study for a total of 102 gut operations was 84 per cent. These were divided among the regions of the gut as follows: foregut, 86 per cent. survival; midgut, 77 per cent.; hindgut, 87 per cent. In a series of much more extensive wounds (wounds greater than 1 mm. in length) the survival rate dropped to 30 per cent. The greatest post-operative mortality occurred within 48 hours.
The principal features of regeneration either of large or small wounds are similar in all regions of the gut examined. Differences will be mentioned following a general description.
Within a few hours after the operation (the shortest time was not determined) haemocytes begin to accumulate at the wound. This accumulation leads to the formation of "wound tissue" (Plate 1, Figs. 3 and 4) and continues until the injury is plugged and until any particular matter that has escaped into the haemocoele is completely surrounded. The haemocytes involved appear, on the basis of nuclear size, to include the three cell types described by Ermin (1939) , but as they undergo striking changes in shape when they become incorporated into the wound tissue, it is difficult to be certain of this point. The haemocytes may become flattened, elongate, or spheroidal, depending upon their position.
Blood cells, containing phagocytosed particles of Chinese ink, which had been injected into the haemocoele 24 hours previously, took part in the formation of wound tissue (Plate 1, Fig. 4 ). But neither Chinese ink nor a variety of vital dyes were taken up by the wound tissue once it was formed.
The muscles of the wounded organ generally contract around the site of the injury and their nuclei may become pycnotic. This contraction may cause the· connective tissue to become more conspicuous. The epithelium of the organ in the vicinity of the injury becomes vacuolate and the cytoplasm of damaged cells becomes necrotic. Generally, however, the surrounding epithelial cells do not show signs of injury, nor do they take part in the initial plugging of the wound in these early stages. Mitoses have been observed only rarely in the wound tissue and did not seem to be increased by colchicine. Rough estimates have not shown any marked decrease in the numbers of circulating haemocytes even though tremendous numbers may take part in the formation of the wound tissue. This is less surprising when it is recalled that Beard ( 1949) found no significant decrease in numbers of blood cells per cu. mm. in larvae of Japanese beetles in which extensive haemorrhage had been induced, in comparison with normal larvae. Nor was there a marked increase in the present experiments in mitotic activity of circulating haemocytes either 5 hours or 24 hours after the operation. Probably a number were mobilized from a previously sedentary state, and replacement took place slowly by mitosis in the haemolymph.
In this :first stage of· healing, then, the injured epithelium may undergo some destruction, but all of the constructive changes result from the activity of the haemocytes. This situation continues for about 3 days. At the end of this time, all necrotic tissue and cellular debris is encapsulated by haemocytes, and tissues and even normal organs, such as malpighian tubules, muscles, tracheae, and nerves may be incorporated in the wound tissue. Encapsulation is particularly marked where nematode parasites penetrate the haemocoele through a hindgut incision.
By the third day activity is evident on the part of the epithelium and this continues slowly until tlie wound is healed. This may require a period of months or in adults may even never occur. During this time the wound is undergoing contraction, as indicated by the pattern of tensions in the surrounding tissue (cf. Weiss 1949, p. 175) . The epithelial cells of the fore-and hindgut surrounding the wound have occasionally been observed in mitosis. Amitosis has not been observed either in the epithelium or in the wound tissue. Granules staining with pyronin appear in the cytoplasm of the epithelial cells within 3 days. They are still found there in very reduced numbers after 6 weeks. It is possible that these granules may be concerned with the regenerative process as suggested by Peters (1945) for regenerating wounds in rat skin following burning. In the midgut, replacement clearly takes place from the regenerative nidi, the cells of which can be seen in mitosis more frequently in the region surrounding the injury than in the other parts of the organ. The new epithelial cells slowly migrate across the wound, and so separate from the wound tissue an eschar (Plate 1, Fig. 2 ) consisting of necrotic tissues.
This wound tissue may be of considerable bulk, but tracheae do not penetrate it unless they were present before the tissue was formed. Nor is it innervated. In wounds of the crop the nervus recurrens posterior has been
seen to run through the wound tissue without impairing its ability to stain with methylene blue. The wound tissue attains its maximum size in 3 or 4 days and then, after about 3 weeks, begins to decrease. When epithelial continuity has become completely re-established the wound tissue is reduced, and it is surmised that the haemocytes become circulating cells again. Thus, in an old wound, the wound tissue may be represented by a thin epithelium-like layer (cf. Plate 1, Fig. 1 ). There is no information of the biochemical or metabolic change in the insect following wounding. One observation, however, may give a lead to the study of these problems. The epithelial cells of the hindgut of the normal adult Periplaneta contain a number of granules, which \Vaterhouse (unpublished observations) has demonstrated to consist of calcium and other metal salts (largely phosphates). These appear unchanged up to 3 days following an operation. Then they often disappear in some of the hindgut epithelial cells surrounding the wound. They may not be replenished even 8 weeks later.
Some operations have been performed on last-instar nymphs. Moulting occurred normally from a few days to 2 months after the operation. In wounds of the crop or hindgut wound tissue was evident even after the moult. In some wounds of the midgut, however, regeneration was complete and no sign of the wound could be detected in the resulting adult. This difference might be expected to result from the greater regenerative power of the midgut epithelium.
The healing process in each of the regions, fore-, mid-, and hindgut, shows slight variations from the general description given above. These will now be described.
(b) Foregut
The crop is the most suitable organ for the study of the details of regeneration, particularly because of the simplicity of its tissues. These are thin enough for whole mounts to be used to show very clearly the contraction patterns as the wound heals. Presumably owing to the arrangement of the muscles, the eschar, consisting of necrotic cells originating both from the injured epithelium and the inner layers of the wound tissue, is forced into the lumen of the crop where it remains at least for several months. The regenerating epithelium must force its way between this eschar and the wound tissue which projects into the haemocoele. Evidence for such migration can be seen in Plate 1, Figure 2 . Soon after the wound tissue is formed a non-cellular, basophilic layer appears between the wound tissue and the scab. It is continuous with the chitinous intima and stains in the same way. It is not possible to say whether it is, in fact, chitinous, nor whether it is produced from the wound tissue, which is of mesodermal origin, or from the epidermal cells that have migrated between the wound tissue and the necrotic tissues. It should be noted that a similar layer is produced in the hindgut, but it is quite absent from a healing wound in the midgut.
In a number of wounds of the crop the organ was found to be. distended and to contain a large air bubble for some time after the operation. This may have assisted in the healing process by counteracting the tendency of the muscles to contract; in vertebrate gut wounds attempts are usually made to keep the organ deflated (Whipple 1943) .
(c) Midgut
The regenerative processes of the caeca and of the midgut are essentially similar and will be described together. The eschar is never formed in the lumen as it is in the crop, but is always forced out into the body cavity. However, epithelial breakdown is much more extensive in the midgut and cellular debris in quantity is forced into the lumen where it occupies the extra-peritrophic space and undergoes histolysis. The regenerative nidi surrounding the wound supply the cells for the regenerating epithelium (Plate 1, Fig. 3 ). As they move over the surface of the wound tissue to replenish the epithelium' they rapidly gain a striated border characteristic of the normal epithelium; when they occur in the anterior part of the midgut they contain typical argentophil inclusions, but these are fewer in number than in normal cells.
(d) Hindgut
As pointed out above, the necrotic tissue (eschar) is forced into the lumen of the crop, but into the haemocoele if the wound is in the midgut. The eschar may be either in the lumen or in the haemocoele in hindgut wounds, but the latter is more usual. This difference is presumably due to the forces of muscular contraction and of the pressure of the hindgut contents. The wound tissue is noticeably more marked in hindgut wounds than in either crop or midgut wounds, mainly owing to the abundance of microorganisms that escape into the haemocoele. Wound tissue frequently includes malpighian tubules, fat body, and other tissues. Usually such included organs have a normal appearance but some fat body seems to undergo lysis of cells except for the bacteroidcontaining cells, which may then occur as isolated groups surrounded by wound tissue.
The most noteworthy feature of the hindgut epithelium during regeneration is the depletion of granules, thus leaving large vacuoles in the epithelial cells.
IV. REACTIONS OF WOUND TISSUE
(a) Transplantation
It will be apparent that the wound tissue described above has some of the histological characteristics of neoplastic growth. An attempt was therefore made to determine whether wound tissue had the principle feature of neoplasms, namely the ability to continue to grow when transplanted. Wound tissue from fore-, mid-, and hindgut wounds was therefore transplanted under the abdominal tergites of other adult Periplaneta. Controls were of' two types.
Either small segments of normal gut tissue (caecal fragments proved to be the most useful) or small pieces of paraffin wax were implanted in the same way into other hosts. In all cases the reaction was the same. The foreign tissue (or wax) was encapsulated by host haemocytes (Plate 1, Fig. 5 ) but did not proliferate. It may thus be concluded that the histological similarity between wound and neoplastic tissue is not indicative of any more basic similarity.
(b) Effect of Haemocytic Anticoagulants
In view of the importance of haemocytes in the wound healing process, an attempt was made to determine the effect of inhibiting coagulation of these cells. Clotting in P. americana is said to be of the first type of Yeager and Knight (1933) , that is, only the cells clot without the intervention of plasma. Beard (1950) has shown that ascorbic acid, in concentrations of about O.OlM, inhibits coagulation in the species he examined. This substance has an inhibiting effect on coagulation in P. americana. Injection into the haemocoele of 0.1 ml. of 0.01M ascorbic acid resulted in a fairly high mortality. But sufficient survived for operations to be performed on a number of treated adults 4 and 24 hours following the injection. Mortality resulting from these operations was more than twice normal. Only one individual survived of six in which the operation was performed 4 hours after injection. In this, and in individuals into which paraffin wax beads were implanted following injection of ascorbic acid, the accumulation of haemocytes was very markedly reduced, and practically no wound tissue was formed (Plate 1, Fig. 6 ). The wounds were not plugged and this undoubtedly was the cause of the high mortality. These observations lend support to the hypothesis that the haemocytes play the dominant role in the first stage of the healing of wounds 'of the alimentary tract.
V. DISCUSSION
The processes of regeneration following gut wounds are essentially similar to those described following epithelial wounds, which Ermin (1939) described Jin the same species, and which Wigglesworth (1937) described for Rhodnius. Moreover, the reaction of the haemocytes to form wound tissue is similar to that produced by the introduction of any foreign body into the haemocoele. The histological similarity between the wound tissue and neoplasms has been mentioned by Scharrer and Lochhead ( 1950) . In wound tissue there is apparently no de-differentiation of cells, which is presumably a characteristic of true neoplasms, and in recent cytological studies of Drosophila tumorous growths the same has been found to be true. Thus Hartung (1950) has concluded that "little or no evidence of mitotic activity is apparent and the growth in all cases appears as discrete nodular clumps rather than as invasive proliferations." It seems quite probable that blood cells of many insects have the property of spontaneous aggregation to form discrete bodies, and that many of the bodies described as "blood-forming organs" (Cuenot 1898), phagocytic organs (Cuenot 1895) , or the body of unknown function illustrated in M acropanesthia (Day 1950, Plate 4, Fig. 24 ) are nothing but aggregations ofhaemocytes. A further comparison between wound healing and . . the behaviour of the epithelium at moulting is noteworthy; the main difference is that in wound healing the processes are localized instead of occurring generally over the whole epithelium, but as Wigglesworth (1937) also indicated, the processes have many properties in common.
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